STUDY QUESTION: Is an organotypic culture system able to provide the appropriate testicular microenvironment for in-vitro maturation of human immature testicular tissue (ITT)?
Introduction
While increasingly effective for treating childhood cancers, chemotherapeutic agents and radiotherapy are known to have deleterious effects on the gonads of prepubertal boys (Schrader et al., 2001; Wallace, 2011) . This points to an urgent need for fertility preservation methods in prepubertal boy who do not yet produce spermatozoa. Since cryopreservation of immature testicular tissue (ITT) containing spermatogonial stem cells (SSCs) is now considered ethically acceptable, it is becoming more and more widespread (Ginsberg et al., 2010; Wyns et al., 2011 Wyns et al., , 2015 Picton et al., 2015) .
Different strategies to obtain haploid germ cells (GCs) from SSCs cryopreserved before anticancer therapy have been described in the literature: transplantation of one's own purified GC suspensions, autografting of testicular pieces, and in-vitro maturation (IVM) up to the haploid stage (for review, see Wyns et al., 2010 and Clark et al., 2011) .
Among these three approaches, IVM is the safest in terms of risk of reintroducing cancer cells back to the patient (Jahnukainen et al., 2001) , as the objective is to obtain spermatozoa that can be utilized individually for ICSI, thereby circumventing any neoplastic threat. Different techniques of IVM of GCs have been studied in both animals and humans, namely co-culture with Vero cells, 3D culture and organotypic culture (Galdon et al., 2016) . In humans, none have yet resulted in completion of the spermatogenic process in vitro, but in mice, since the first report of meiosis completion in vitro (Weiss et al., 1997) , the entire process of spermatogenesis has been reproduced in an organotypic culture system, yielding fertile offspring (Sato et al., 2011; Yokonishi et al., 2013) . Sato et al. (2011) used fetal bovine serum and AlbuMAX™, a lipidrich albumin fraction of bovine serum and transferrin which, according to the authors, is the principal component able to induce spermatogonial differentiation. However, animal-derived components cannot be applied in a clinical setting (Unger et al., 2008) . Different culture systems have therefore been investigated, aiming to achieve completion of the spermatogenic process in a human context (Gassei and Orwin, 2016) . Organotypic culture is based on the premise that conserving intact cell interactions within tissue will likely produce better outcomes than culturing isolated cells. The first pioneering work to describe organotypic culture of adult human testicular tissue reported survival of immature GCs for several weeks, but showed degeneration of early spermatids (Steinberger, 1967) . Differentiation of preleptotene spermatocytes into pachytene spermatocytes was also achieved, although considerable loss of GCs was observed after 16 days of organotypic culture (Roulet et al., 2006) . The main issues raised by studies on adult human testicular tissue culture are the inability to replicate the complete spermatogenic process and progressive loss of GCs during the culture (Roulet et al., 2006; Steinberger, 1967) . In addition, the source of testicular tissue, namely adult men presenting with normal spermatogenesis (obstructive azoospermia or tissue collected from older men undergoing prostatectomy), may call into question the actual steps accomplished in culture. Indeed, haploid cells could be residual cells already present in tissue, especially when, as observed in the study by Tesarik et al. (1999) , round spermatids are obtained in partially disintegrated testicular tissue from men with obstructive azoospermia after only 48 h, which is a shortened duration considering human physiology. Accelerated maturation of human ITT was previously observed in another model, where testicular tissue retrieved from a 3-month-old patient was xenografted to immunodeficient nude mice (Sato et al., 2010) . While human germ cell (GC) differentiation into primary spermatocytes generally occurs at 8-10 years of age, Type A spermatogonia (SG) present at the time of grafting underwent differentiation up to the pachytene spermatocyte stage after only 1 year of grafting. However, the main concern related to achieve testicular tissue maturation by xenotransplantation is the risk of animal contaminants, which precludes clinical application.
Culture of ITT has only been reported in one paper, where the authors evaluated cryopreservation protocols and obtained good seminiferous tubule (ST) integrity after short-term organotypic culture (Curaba et al., 2011a,b) .
Our objective in this study was to explore the possibility of achieving maturation of prepubertal testicular tissue retrieved in the context of fertility preservation. A long-term organotypic culture system was used to develop culture conditions able to reproduce passage from an immature to a mature state. Our analysis also aimed to increase the knowledge of ITT niche functionality in vitro by assessing tissue viability, cell proliferation capacity, survival of SG, Sertoli cell (SC) maturation and Leydig cell (LC) functionality over the course of culture lasting at least as long as the time required for 'in vivo' spermatogenesis. To our knowledge, this is the first report on long-term human ITT culture in vitro and, as such, has had to contend with considerable challenges linked to the immaturity of all cell types in prepubertal testicular tissue, as well as very limited understanding of the molecular mechanisms of spermarche.
Materials and Methods

Study design
The study was designed to investigate IVM of frozen-thawed ITT. To this end, tissue fragments from three prepubertal boys were placed in an organotypic culture system for 139 days. Two culture media, supplemented either with testosterone or with hCG, which plays an LH-like role, were compared. Analyses were performed at regular intervals on cultured tissue to evaluate ST integrity, GC survival, cell proliferation, SC functionality and maturation and LC functionality, and on supernatants to assess tissue viability, LC functionality and SC maturation.
Source of human testicular tissue
ITT was retrieved from prepubertal boys referred to our department by pediatric hematologists and oncologists for fertility preservation before undergoing gonadotoxic treatments. In all cases, parents or legal guardians signed an informed consent form for cryobanking for clinical application and another for research purposes. The child's assent was only sought if he was mature enough to understand the implications of the procedure. Informed consent also allowed for the possibility of donating entirety of a subject's cryopreserved testicular tissue if there was no need for clinical use or in the event of patient death.
In order to take advantage of as much testicular tissue as possible, fragments from three deceased patients, with consent to donate tissue for research purposes, were used. The first patient (P1) was 2 years of age at the time of testicular biopsy and was suffering from medulloblastoma. The second patient (P2) was 11 years old and affected by bone sarcoma. The third patient (P3) was 12 years old and suffering from foot rhabdomyosarcoma (see Table I for clinical patient characteristics and anatomopathological analyses of retrieved tissue). All experiments were approved by the ethics review board of the Catholic University of Louvain.
Testicular tissue cryopreservation and thawing
Tissue fragments measuring 1-3 mm 3 were cryopreserved using a controlled slow-freezing protocol able to preserve spermatogonial viability and proliferation capacity and initiate differentiation (Wyns et al., 2007 (Wyns et al., , 2008 Poels et al., 2013) . They were then thawed according to the previously described protocol (Wyns et al., 2007) .
Culture media and processing of ITT (Lee and Burger, 1983) .
Recovery of cultured fragments and supernatants
Cultured ITT fragments were retrieved for analysis on Days 1, 3, 10, 16, 27, 32, 53, 64 and 139, taking into account the stages of spermatogenesis, as described by Clermont (1967) . Tissue samples were fixed in paraformaldehyde (PFA 4%, VWR, Leuven, Belgium) for 24 h and embedded in paraffin. Five-µicrometer-thick sections mounted on Superfrost Plus slides (VWR, Belgium) were used for histology on hematoxylin-eosin (HE)-stained sections and for immunohistochemistry (IHC). One fragment was fixed in PFA 4% immediately after thawing (Day 0) to evaluate basal tissue content. Supernatants were collected at each change of culture media and stored at −20°C until analysis.
Immunohistochemical procedure and analyses
Sections mounted on Superfrost Plus slides were deparaffinized and rehydrated. Endogenous peroxidase activity was blocked by incubating the sections with 0.3% H 2 O 2 . The slides were then washed in deionized water for 5 min and placed in citrate buffer for 75 min at 98°C. Thereafter, they were washed in 0.05 M Tris-buffered saline (TBS) and 0.05% Triton X-100 (SigmaAldrich) and incubated at room temperature (RT) with 10% normal goat serum (NGS, Invitrogen) and 1% bovine serum albumin (BSA, Invitrogen) to block non-specific binding sites for 30 min. The primary antibody (diluted to 1/500 for MAGE-A4, 1/150 for Ki67, 1/200 for anti-Müllerian hormone (AMH), and 1/150 for Glial cell line-derived neurotrophic factor (GDNF), 1/200 for active caspase 3, 1/100 for active caspase 8, 1/100 for androgen receptor (AR) and 1/200 for 3β-hydroxysteroid dehydrogenase (3β-HSD)) was added to the sections and incubated overnight at 4°C in a humidified chamber.
For double Ki67-MAGE-A4/active caspase 3-MAGE-A4 IHC, sections immunostained with anti-Ki67/anti-active caspase 3, as described above, were washed in acidified water (HCl 0.1 M) for 60 min, followed by distilled water for 5 min and then 0.05 M TBS and 0.05% Triton X-100 three times for 2 min each. Non-specific antibody binding was blocked by incubation of samples in 10% NGS and 1% BSA for 30 min at RT. MAGE-A4 antibody was added to the samples and incubated at 4°C overnight in a humidified chamber.
The following day, the slides were washed in 0.05 M TBS and 0.05% Triton X-100 three times for 2 min each and the secondary anti-mouse antibody (EnVision+ System-Labeled Polymer-HRP; DAKO K4001) was added and incubated for 60 min at RT, followed by washing in 0.05 M TBS and 0.05% Triton X-100 three times for 2 min each.
The sections were then incubated for 10 min at RT with the chromogen diaminobenzidine (DAKO K3468) or HRP-Green (Life Sciences, Germany), and nuclei were counterstained with Mayer's hematoxylin after washing in tap water for 3 min. Finally, the sections were dehydrated and mounted, to be scanned with a Mirax Midi digital camera (Zeiss Mirax Midi, Zeiss, Germany).
A terminal deoxynubocleotidyl transferase-mediated dUTP nick end labeling (TUNEL, Kit TdT In Situ Apoptosis Detection Kit-DAB, Bio Techne, UK) was performed according to the instructions of the supplier to detect DNA fragmentation in the tissue.
For positive controls, ITT for AMH, cerebellum for GDNF, mature testicular tissue for MAGE-A4-Ki67, double IHC MAGE-A4-Caspase 3 and AR, lymph node for caspase 8, fetal testicular tissue for 3β-HSD and human tonsils incubated with DNase I for TUNEL were used. The primary antibody was omitted for negative controls.
Tubular integrity
Semi-quantitative analysis of the integrity of STs was conducted using morphological scores on four HE-stained sections for each time period under a light microscope at ×400 magnification.
Scoring was established according to a system described elsewhere (Keros et al., 2005) , which assigns a point to each parameter, ranging from 1 (tubules in the worst condition) to 4 (tubules with the best integrity). Parameters evaluated were adhesion of cells to the basement membrane, cell cohesion, proportion of pyknotic nuclei (<5% of total) and easy distinction of GCs and SCs.
Only well-preserved STs (score 3-4) were considered for evaluating all IHC analysis.
Spermatogonial survival
MAGE-A4 mouse anti-human monoclonal antibody (purified from hybridoma 57B and kindly provided by Giulio Spagnoli, MD) was used to evidence SG (Yakirevich et al., 2003) . MAGE-A4-positive cells were counted and results were expressed as the mean number of MAGE-A4-positive cells per well-preserved tubule.
Intratubular cell proliferation
Ki67 mouse anti-human monoclonal antibody (DAKO M7240, Heverlee, Belgium) was used to evaluate intratubular proliferation. Ki67 is a nuclear antigen associated with cell proliferation and is present throughout the active cell cycle (late G1, S, G2 and M phases), but absent in resting cells (G0) (Scholzen and Gerdes, 2000) .
Intratubular proliferation was assessed as the mean number of intratubular Ki67-positive cells per well-preserved tubule. Proliferative SG were identified as double-stained MAGE-A4-and Ki67-positive cells, and proliferative SCs made up the difference between the total number of intratubular Ki67-stained cells and proliferative SG.
Percentages of proliferative SG and proliferative SCs were calculated as the ratio between proliferative and total cells.
Cell apoptosis
Active caspase 3 rabbit anti-human polyclonal antibody (Promega G7481, the Netherlands) and active caspase 8 rabbit anti-human monoclonal antibody (Cell Signaling 9496, Leiden, the Netherlands) were used to evaluate apoptotic cells and the involvement of the extrinsic apoptotic pathway, respectively (Elmore, 2007; Gauster et al., 2009) . The ratio between active caspase 3-stained cells and the total number of well-preserved tubules was calculated, as was the ratio between active caspase 8-stained cells and the total number of well-preserved tubules. Furthermore, we determined the percentage of apoptotic SG, calculated as the ratio between MAGE-A4-active Caspase 3-positive cells and the total number of MAGE-A4-positive cells. For detection of DNA fragmentation with TUNEL, the number of positive cells per well-preserved tubule was calculated.
SC functionality and maturation
GDNF mouse anti-human polyclonal antibody (Sigma-Aldrich SAB1405863) was used to identify viable and functional SCs (Davidoff et al., 2001) . AMH mouse anti-human monoclonal antibody (Serotec MCA2246) detected the presence of AMH, a homodimeric protein belonging to the transforming growth factor-beta (TGF-beta) family, known to be a marker of SC maturation, since it is expressed in immature SCs, and disappears at the onset of puberty (Sharpe et al., 2003) . AR mouse anti-human monoclonal antibody (DAKO, AR441) was used to detect mature SCs (Rey et al., 2009) . The number of stained cells per well-preserved tubule was calculated.
GDNF staining was evaluated by simple 'presence/absence', and AMH immunostaining was assessed with a score taking into account its intensity of expression (from 'strong' to 'absent'). The ratio between stained tubules and well-preserved tubules was then calculated. hematoxylin-eosin; magnification ×200). Tubular integrity (B) was evaluated with a score, as described in Materials and Methods. The percentage of well-preserved tubules (Score 3-4) out of the total number of STs did not change significantly over time. Moreover, no difference was observed between the two culture media. Lactate dehydrogenase (LDH) release (C) showed a significant decrease in its concentration (P ≤ 0.015) after Day 1, and remained stable from Day 3 to Day 139. No difference was detected between the two culture media (C). (Patient 1; magnification ×400) . A significant decrease (P ≤ 0.001) was observed in the evolution of SG per well-preserved tubule during culture (B). Ongoing intratubular proliferation of cells during culture is illustrated in graph (C). An increase was noted on Day 16, followed by a decrease. The proportion of proliferative SG per well-preserved tubules showed a statistically significant decrease up to Day 139 (P ≤ 0.001) (D). Graph (E) illustrates the evolution of proliferative Sertoli cells (SCs) per well-preserved tubules, showing a peak on Day 16. The ratio of proliferating SG, as the ratio between proliferating SG and the total of SG in well-preserved tubules (F) was maintained up to Day 64. Thereafter, it declined until Day 139 (P ≤ 0.05). Graph (G) shows the ratio between the proliferating SCs (calculated as the difference between the total of Ki67-stained cells and the MAGE-A4-stained cells) and the total SCs, and it showed a statistically significant decrease over time (P ≤ 0.05). No difference was detected between the two culture media for any of the evaluated parameters.
LC maturation
as the number of 3β-HSD-positive cells in three consecutive-fields at ×400 magnification from the left corner to the right.
Supernatant analyses
Lactate dehydrogenase (LDH) released by necrotic cells served as a marker of cell viability (Korzeniewski and Callewaert, 1983) . LDH analysis was performed by photometry, according to the manufacturer's protocol (LDHI2, Roche/Hitachi-Cobas c., Brussels, Belgium). Hormone concentrations were assessed by electro-chemiluminescence immunoassays (ECLIA; Roche, Brussels, Belgium) for testosterone (after dilution 100×) and ultra-sensitive enzyme-linked immunosorbent assays (ELISA; Ansh Labs, Webster, USA) for AMH.
Statistical analysis
For each outcome, the impact of the medium and time period were assessed using a mixed-effect linear regression model. In this model, the patient effect was assumed to follow normal distribution and was therefore defined as a random effect, while time and medium were considered as fixed effects. An interaction effect between time and medium was included in each model to investigate whether the medium effect was similar between each time point. When non-significant (P > 0.05), this timemedium interaction effect was removed from the model. For MAGE-A4, Ki67, 3β-HSD and testosterone outcomes, log transformation was applied in order to meet the assumptions of the statistical models (namely residuals with normal distribution and homogeneity of variance). Results were expressed as mean values for all three patients. Figure 1A shows the histological appearance of STs from Day 0 to Day 139. A total of 13 609 STs (7012 in the M1 and 6597 in the M2 group) and a mean of 42.93 ± 6.71 STs/fragment were analyzed. Figure 1B shows the global evolution of ST scoring, calculated as the percentage of well-preserved (Score 3-4) STs out of the total number of STs. No statistical difference in evolution was observed during the culture period, nor between the two culture media. A similar tubular score was observed at each culture time point for the three patients, with a mean value of well-preserved tubules along the culture of 62.2% for M1 (66.2% for P1, 65.2% for P2 and 55.2% for P3) and a mean of 62.7% for M2 (64.6 % for P1, 72.6% for P2 and 50.9% for P3).
Results
Tissue viability and integrity
ST scoring
LDH release was highest (32 IU/l) in the first days of culture. We observed a significant decrease over time (P ≤ 0.015), with concentrations falling until Day 3 and then remaining stable (between 0 and 3 IU/l) until Day 139 (Fig. 1C) . No difference was found between the two culture media.
Spermatogonial survival
SG were present up to Day 139. Figure 2A shows the histological appearance of staining, with MAGE-A4-positive cells in green and Ki67-positive cells in brown. A mean of 52 ± 1.75 STs/fragment was analyzed (4158 STs; 2004 in M1 and 2154 in M2) . Figure 2B shows the evolution of MAGE-A4 staining for the three patients and two culture media. A statistically significant reduction in SG per well-preserved tubule was noted (P ≤ 0.001). There was no statistical difference between the two culture media. Figure 2C shows the number of intratubular proliferating cells. A mean of 52 ± 1.75 STs/fragment was analyzed (4158 STs, 2004 for M1 and 2154 for M2). We observed an increase in intratubular Ki67 staining on Day 16, followed by a decrease and further stabilization, although reliable statistical analysis was precluded because of its non-linear expression. No statistical difference was found between the two culture media. Figure 2D shows proliferating SG per well-preserved (Score 3 or 4) tubule. A decrease in the number of proliferative SG was observed until Day 139 (P ≤ 0.001). Figure 2E illustrates the evolution of proliferative SCs per wellpreserved tubule. No statistical difference was noted between the two culture media.
Intratubular cell proliferation
The spermatogonial proliferation rate was maintained until Day 64, and then fell until Day 139 (P ≤ 0.05) as presented in Fig. 2F . Figure 2G shows the rate of proliferating SCs, which decreased over time (P ≤ 0.05). No difference was observed between the two culture media. Figure 3A shows immunostaining for active caspase 3, active caspase 8 and MAGE-A4. Figure 3B and C shows the ratio between active caspase 3-positive cells and the total number of well-preserved tubules, and between active caspase 8-positive cells and the total number of well-preserved tubules, respectively. Spermatogonial apoptosis ranged from 0 to 22% during the culture period, without any significant change. No difference was noted between the two culture media. For the TUNEL analysis, the number of stained cells per well-preserved tubule ranged from 0 to 0.4 and did not show any significant change along the culture. No difference between the two culture media was observed.
Cell apoptosis
SC functionality and maturation
GDNF staining, expressed as the ratio between the total number of stained and well-preserved tubules, is presented in Fig. 4 . A mean of 46.4 ± 1.6 STs/fragment (3530 STs; 1893 in M1 and 1637 in M2) was analyzed. GDNF was detected constantly (ratio ranging from 70 to 100% in M1, and from 95 to 100% in M2), and there was no significant change up to Day 139. No statistical difference was found between the two culture media. Figure 5A shows the histological appearance of AMH staining. A statistically significant decrease in AMH staining intensity, estimated as 'strong' and 'moderate', was noted in the course of culture (P ≤ 0.001) (Fig. 5B) , based on a mean of 52.2 ± 1.6 STs/fragment (4124 STs; 2117 in M1 and 2007 in M2). There was no difference between the two culture media. The drop in AMH was further confirmed by ELISAs on culture supernatants (P ≤ 0.01) (Fig. 5C) .
AR staining was expressed as the number of stained cells per wellpreserved tubule. A mean of 17.2 ± 4.3 STs/fragment (1005 STs; 518 in M1 and 487 in M2) was analyzed. No significant change in AR expression and no difference between the two culture media was observed (Fig. 5D ).
LC functionality
Testosterone concentrations in the supernatants of both media are shown in Fig. 6 . Testosterone levels reached 5200 nM (upper limit of GDNF expression, calculated as the ratio between stained tubules and the total number of tubules, did not exhibit any statistically significant change over the course of culture. Moreover, no differences were observed between the two media. GDNF, glial cell line-derived neurotrophic factor. . Graph (B) illustrates the evolution of stained tubules according to a semi-quantitative score, which allows evaluation of the intensity of expression (see Materials and Methods for details). A significant decrease in 'strong' and 'moderate' staining was observed during the culture period (P ≤ 0.001), but no difference was noted between the culture media. Graph (C) shows AMH secretion in supernatants, with a significant decrease (P ≤ 0.01) followed by further stabilization after Day 53, which reflects immunohistochemical results. Graph (D) shows the evolution of AR-stained cells per well-preserved tubule, without any significant change along the culture. the technique) by Day 10 showing a statistically significant increase (P ≤ 0.001), followed by a decrease (P ≤ 0.001) and stabilization at 700 nM. Concentrations in testosterone-supplemented media (M1) reached the same values and no difference between the two culture media was observed.
3β-HSD staining did not show any significant changes along the culture. No difference between the two culture media was observed (Fig. 6B) .
Discussion
We report an organotypic culture system for human ITT developed to maintain the integrity of the tissue without disrupting connections between cells and the basal membrane, and hence without unsettling molecular pathways responsible for cell proliferation, maturation and differentiation.
Addition of specific hormones (FSH and testosterone/hCG) and factors like retinoic acid was designed to confer ideal conditions to the microenvironment to mimic the physiological testicular niche at the onset of puberty. Hormone culture media components and their impact on testicular tissue cultured in vitro have not been completely elucidated as yet. According to Erkkilä et al. (1997) and Tesarik et al. (1998) , testosterone is essential as an anti-apoptotic and survival agent for GCs, especially in the later stages of differentiation (spermatocytes and spermatids). Attempts to define appropriate concentrations of gonadotropins required for GC survival in vitro have also been reported, but remain controversial. Indeed, while Tesarik et al. (1998 Tesarik et al. ( , 1999 considered a minimum concentration of 25 IU/l of FSH to be fundamental for sustaining the meiotic process and increasing the percentage of haploid cells, for Roulet et al. (2006) , the presence of gonadotropins did not appear to influence GC survival. We compared the effects of testosterone (M1) and hCG (M2), the latter acting indirectly by stimulating LCs to produce testosterone and therefore being more physiological, in the presence of a fixed amount of FSH. The absence of a statistically significant difference between the two media with respect to any of the analyzed parameters may suggest that the two molecules act in the same way at the concentrations used. Furthermore, similar evolution patterns and final testosterone values in the supernatants of both culture media, with concentrations reaching levels above those added to M1, appear to substantiate the well-preserved interaction between SCs and LCs, and good functionality of LCs in our culture system. The constant presence of a key enzyme of steroidogenesis as a marker of active LCs (3β-HSD) is a further confirmation of their functionality and ability to produce testosterone all along the culture. Testosterone concentrations reached high levels (>5200 nM in 100× diluted samples), followed by a drop and stabilization at around 700 nM by Day 94 with both culture media. At the end of the culture period, concentrations were comparable to adult intratesticular physiological testosterone values (Coviello et al., 2004) , which suggests physiological maturation and functionality of cultured LCs. Moreover, we may hypothesize that the fall in testosterone production over the course of the culture period could have been due to progressive depletion of cholesterol, not present in our culture media (Hou et al., 1990) . Our results also suggest a role played by FSH in regulating testosterone production, as described by Sriraman (Sriraman and Rao, 2004) , where the ability of immature and adult murine LCs incubated with hCG to produce testosterone was significantly enhanced after rFSH treatment. This further corroborates our observation of preserved paracrine interactions in our culture system. Preservation of endogenous testosterone secretion by LCs in the presence of exogenous testosterone, and hence LC functionality, was maintained because the culture model does not involve the hypothalamic-pituitary-gonadal axis. The currently acknowledged retrofeedback suppression of gonadotropins, mainly exerted at the hypothalamic level by curtailing release of gonadotropin-releasing hormone (GnRH) via the kisspeptin/GPR54 system, is therefore not implicated in the presence of exogenous testosterone (Hayes and Crowley, 1998) .
Loss of GCs has been observed in all organotypic culture systems used to date. Indeed, Steinberger (1967) described degeneration of primary spermatocytes after 4 weeks, and round spermatids in the first days of culture, while Roulet observed loss of GCs within 16 days, which appeared to be higher for spermatocytes and spermatids than for SG (Roulet et al., 2006) . This led us to further investigate reasons for GC loss in our culture system. We found a reduction in LDH release from Day 3 and good preservation of tubular integrity during culture, both pointing to maintenance of good tissue viability and no tissue necrosis until the end of culture. Although we observed active caspase 8 and active caspase 3 expression, it was not statistically significant, which might indicate that the apoptotic process, which can last from a few hours to 48 h (Kerr et al., 1972) , could have occurred at different time points than those we chose for tissue analyses. This observation was further confirmed by the TUNEL analysis, which did not show any statistically significant modification in the tissue. We then attempted to address the question of why loss of SG during culture could not be counterbalanced against the stable spermatogonial proliferation rate observed up to Day 64. Indeed, despite detecting GDNF, a factor involved in SSC renewal (Meng et al., 2000) , its actual efficacy in our culture system and functional receptor pathways is yet to be proven. To understand the factors that may influence spermatogonial maintenance of prepubertal tissue in culture, tissue homeostasis should also be considered, as GC loss could possibly be related to the peripubertal testicular apoptotic wave, which is a physiological occurrence in mice and men, and responsible for establishing the SC:GC ratio before puberty (Rodriguez et al., 1997; Morales et al., 2007) .
We demonstrated progression of our ITT toward a pubertal stage, with the reduction in AMH staining and secretion in culture supernatants, suggesting progression of SCs from an immature to a mature state. This was further confirmed by SC proliferation patterns in culture, mimicking the in-vivo physiological evolution of SCs which, before pubertal maturation, undergo proliferation prior to arrest and subsequent maturation (Sharpe et al., 2003) . However, the pubertal stage of boys remains a key consideration and probably one of the main challenges when it comes to culture conditions and timing, as demonstrated by the absence of conclusive results for AR staining. While AR expression was consistently observed during the culture period, indicating SC maturation (Rey et al., 2009) , it did not show any significant change over the course of culture. Such a result was not unexpected, since AR expression is dependent on patient age, and its timing and level of expression are physiologically very gradual and also contingent on the presence of testosterone (Rey et al., 2009) . To reach statistical significance, we would need to increase numbers of patients of the same age, which is not possible due to the scarcity of available tissue. Moreover, pubertal transition may actually take too long to yield any definitive information about AR expression over 139 days of culture. Indeed, Tanner stages, representing the successive steps of pubertal development, advance from the stage one to stage five (the last one) over several years, with genital development, appearance of pubic hair Figure 6 Testosterone production and 3β-hydroxysteroid dehydrogenase (3β-HSD) staining. Image (A) shows the histological aspects of 3β-HSD staining up to Day 139 (Patient 3, magnification ×400). Image (B) illustrates the evolution of 3β-HSD-stained cells, which did not show any significant change over the culture period. No differences between the two culture media were observed. Image (C) shows that testosterone was actively produced by Leydig cells (LCs) in both culture media, with an initial peak on Day 10 (P ≤ 0.001) followed by a significant decline (P ≤ 0.001) and stabilization. No differences were observed between the two culture media. and height and weight modifications evolving in a continuous manner, making it difficult to diagnose puberty with precision at any given moment in a boy's life. Moreover, there appears to be wide variation in testicular size and secondary sex characteristics at the onset of spermarche (Nielsen et al., 1986) . Such clinical issues remain problematic when using cultured ITT, where timing can be quite different from a physiological context (Tesarik et al., 1999) , and the different types of cells may not necessarily have equivalent patterns of maturity and evolution. Our patients were aged 2, 11 and 12 years, which may raise concerns about differences in the prepubertal state of their tissue in terms of their ability and time needed to reach full functionality. However, anatomopathological analyses performed immediately after biopsy showed a Johnsen score of 3 and SG as the most advanced GCs in all three patients, which suggests homogeneity of apparent testicular tissue maturity.
The main limitation of our study is the scarcity of human ITT and relatively small amount of tissue available per patient, precluding more comprehensive analysis, like molecular tests. Loss of SG constitutes another limitation for evaluating full SSC functionality and warrants further investigation.
Conclusion
Our organotypic culture system proved capable of preserving ST integrity, showing paracrine interactions, intratubular proliferation and survival of SG for up to 139 days of culture, with progression of SCs and LCs to a mature stage. To our knowledge, this is the first study on the culture of human ITT, opening the door to a deeper understanding of the molecular SSC niche in the pre-and peripubertal period. Further studies are now needed to shed light on the in-vitro microenvironment required to achieve spermatogonial renewal and differentiation, and increase our knowledge on the triggers of spermarche.
